A major focus of modern population genetics involves using polymorphism data in order to identify regions impacted by recent positive selection (so-called genomic scans). Recently, methodology has been proposed not to identify individual loci, but rather to quantify genomic recurrent hitchhiking (RHH) parameters using this same type of polymorphism data. I here examine to what extent genomic scans for adaptively important loci may be informed by recently estimated RHH parameters (and vice versa). I find that published results are largely incompatible with one another, with approximately an order of magnitude more sweeps being empirically identified than would be predicted under RHH estimates. Results demonstrate that making this connection between SHH and RHH models is crucial for a more complete and accurate characterization of adaptive evolution.
Introduction
One of the most popular approaches for identifying loci recently impacted by positive selection is known as ''hitchhiking mapping'' (e.g., Harr et al. 2002) . Broadly speaking, this approach involves scanning across a large number of regions in order to determine the average levels of variability that are characteristic of the genomic environment. Regions that show extreme values and fall in the tail of this observed empirical distribution are then subject to further investigation via resequencing-with the aim being the discernment of locus-specific adaptive effects from neutral genome-wide patterns of variation (e.g., Harr et al. 2002; Glinka et al. 2003; Tenaillon et al. 2004; Carlson et al. 2005; Haddrill et al. 2005; Nielsen 2005; Ometto et al. 2005; Williamson et al. 2005; Wright et al. 2005; Kelley et al. 2006) .
Problematically, major assumptions about the underlying adaptive substitutions responsible for these patterns are made in such attempts to identify selected loci. Namely, as these scans rely on the impact of beneficial mutations upon closely linked neutral variability (i.e., the genetic hitchhiking effect; Maynard Smith and Haigh 1974) , it is implicitly assumed that selection is strong enough to impact large genomic regions. Simultaneously, it is assumed that these selective events occur rarely enough that recently impacted regions will indeed uniquely reside in the tails of genomic distributions, and yet frequently enough to be detectable from patterns of variation. This suggests that the assumptions underlying genomic scans may correspond to a very specific parameter space. This disconnect between hitchhiking mapping and the true underlying rates and strengths of beneficial mutations (known as ''recurrent hitchhiking'' [RHH] ) owes to the fact that the former relies upon a model of a single hitchhiking (SHH) event, in which a single adaptive fixation is assumed to have occurred immediately prior to sampling, whereas the latter considers a constant input of beneficial mutations, occurring at a given rate.
The first point of comparison between these two models comes from Wiehe and Stephan (1993) , who predicted the expected level of reduction in variation at linked neutral sites under an RHH model, demonstrating that for sk 5 constant (where s is the selection coefficient, and k is the rate of adaptive substitutions per site per generation), the mean reduction is identical among models. This result implies that regions of reduced variation may be consistent with models of rarely occurring but strongly advantageous, or commonly occurring but weakly advantageous, mutations. Recently, attempts have been made to estimate RHH parameters (i.e., s and k) directly from the same multilocus and genomic polymorphism data used in genomic scans (e.g., Kim 2006; Li and Stephan 2006; Andolfatto 2007; Macpherson et al. 2007; Jensen, Thornton, and Andolfatto 2008 ; and recently reviewed by Sella et al. 2009 ), in order to distinguish between these scenarios. Thus, rather than attempting to identify individual loci, these estimators attempt to quantify the average genomic strength and rate of adaptive evolution. As these recent estimators are fundamentally informed by the same underlying parameters as the hitchhiking mapping approach implemented in genomic scans, I here ask whether published results from both approaches are consistent with one another.
Relating Models of RHH to the Identification of Adaptive Loci
The ability to distinguish between models of weak and strong selection has significant implications for our ability to detect adaptively important regions of the genome. As shown in table 1 for a hypothetical 1-Mb region, the expected number of potentially identifiable sweeps differs strongly between models. For example, a 5% average reduction in variation implies that selection tends to be either weak or infrequent. Thus, strong selection (i.e., s . 0.01) would occur so rarely as to never be detectable, on average, from patterns of polymorphism. And although weaker selection occurs with an appreciable frequency, such that it may be detectable when scanning large genomic regions, there are still few sweeps, each resulting in a relatively small genomic impact. As such, any given marker would have an approximately 0.2% chance of falling within a swept region, necessitating an extremely dense screen in order to identify adaptively important loci.
In the other extreme, models positing a 90% reduction in variation are expected to have experienced a large number of recent sweeps at any given time of sampling. As such, ;24% of markers may be linked to recent fixations. Although genomic scan studies rely on the premise that selected loci will appear as outliers when compared against the great majority of other (presumed neutral) loci, this result suggests that hitchhiked loci would effectively be compared with one another, upsetting the fundamental assumption of the approach, implying that in this RHH parameter space the vast majority of selected loci may be overlooked (Kelley et al. 2006; Sabeti et al. 2006; Teshima et al. 2006; . Under such a scenario, the meaning of outlier loci becomes unclear, as selected loci would comprise a large proportion of the empirical distribution. Although such strong reductions seem extreme, this scenario may be relevant in many recently domesticated species, which have experienced recent bouts of strong artificial selection (e.g., Wright and Gaut 2005; Wright et al. 2005) .
Thus, whether selection is common or rare, the standard assumption that the loci in the 5% tail of an empirical distribution represent swept regions corresponds to an extremely specific assumption regarding the reduction in variation owing to hitchhiking, and thus also about the true underlying and unknown value of the joint parameter sk. For the parameters examined in table 1 for instance, the reduction in variation owing to hitchhiking must be ;70%, in order for standard genomic scan assumptions to be met.
Comparing Published RHH and SHH Results
In light of these calculations, I consider a number of recently published genomic scan studies (Harr et al. 2002; Glinka et al. 2003; Bauer DuMont and Aquadro 2005; Jensen et al. 2007 ). Although there is an extremely large literature utilizing empirical genomic scans across organisms (recently reviewed by Akey 2009 ), these particular data sets have been chosen in order to minimize, as much as possible, differences in estimates owing to species-or population-based differences. As such, all the considered studies have focused on X-linked regions in derived populations of Drosophila melanogaster. Also common among all studies are the site frequency outlierbased methods of detection used to identify swept regions.
For comparison, these genomic scans are considered against recent estimates of RHH parameters (Li and Stephan 2006; Andolfatto 2007; Macpherson et al. 2007; Jensen, Thornton, and Andolfatto 2008) . These published estimators have a number of important differences from one another, in both statistical framework (likelihood or Bayesian) and the type of data utilized (polymorphism or divergence). Despite these differences, and the fact that these studies estimate drastically different RHH parameter values (with estimated mean selection coefficients ranging from 0.01 to 0.00001), the mean reduction in variation is similarly estimated to be ;20% by both Macpherson et al. (2007) and Andolfatto (2007) . Li and Stephan (2006) and Jensen, Thornton, and Andolfatto (2008) estimate an ;50% reduction. As these numbers represent either maximum likelihood or maximum a posteriori estimates, they are associated with measures of uncertainty. Considering the 95% confidence intervals across all studies, the minimum and maximum published estimates of reductions in variation owing to RHH are found to range from 14% to 54%, respectively. The expected number of sweeps within the 1-Mb region that are recent enough to be detectable using polymorphism-based statistics, calculated as the average number of sweeps occurring within the last 0.1 4N generations (Przeworski 2002) ; importantly, only a fraction of this number may be identifiable, as power has been shown to rarely exceed 50% for commonly used summary statistics (Przeworski 2002; Jensen, Thornton, and Aquadro 2008) .
e
The fraction of randomly placed markers across the 1 Mb under consideration that would fall within swept regions, calculated by determining the proportion of the total region impacted by a recent sweep (e.g., if eight sweeps, each effecting ;200 bp, are expected across the 1-Mb region, then the probability for an individual marker to fall in a swept region is calculated as 1,600/1,000,000).
f Estimated values for a 5% total reduction in variation due to RHH, calculated as: As in table 1, it is possible to calculate the expected number of sweeps occurring within these empirically scanned regions for given values of s and k (table 2) Glinka et al. (2003) , identify ;12% of their markers as swept. Thus, the number of putatively swept markers identified empirically using SHH models far exceeds published RHH estimates, with roughly an order of magnitude more sweeps being detected than would be predicted (table 2) .
Viewing these results graphically, figure 1 plots the reduction in genomic variation against the corresponding fraction of recently swept genomic regions, for both RHH-and SHH-based estimates. For genomic scan studies (grouped as ''SHH model''), the expected reduction in variation is back-calculated based upon the empirically observed fraction of loci swept (i.e., what level of reduction is necessary in order for the identified number of loci to have experienced a sweep within the last 0.1 4N generations). Conversely, for the RHH estimators (grouped as ''RHH model''), the expected fraction of loci swept is calculated from the estimated reduction in variation (i.e., for the estimated rate, how many sweeps will have occurred within the last 0.1 4N generations). The details of both calculations are given in table 2. As shown, RHH estimates as a whole suggest a less substantial reduction in variation, and thus a smaller fraction of swept loci. Interestingly, estimates strongly group by model-despite large differences among the estimators with regards to the type of data used, summary statistics utilized, and statistical framework-suggesting possible systematic biases in estimation under one, or possibly both, SHH model-and RHH model-based approaches. (Andolfatto 2007; Macpherson et al. 2007 ). e The expected fraction of markers that would fall in swept regions, for a ;50% estimated reduction in variability (Jensen, Thornton, and Andolfatto 2008; Li and Stephan 2006) . As shown, RHH-and SHH-based analyses suggest dramatically different patterns, with the latter detecting a far greater number of swept loci than would be predicted under RHH estimation, thereby suggesting a greater reduction in genomic variation due to selection. The vertical dotted line indicates the point at which the common genomic scan assumptions would be met (i.e., the 5% tail of markers are swept). Assuming that recently selected loci will indeed enrich the tails of genomic distributions, this demonstrates that under RHH-based estimation the 5% tail would primarily contain false positives. Conversely, if SHH-based estimates are correct, the majority of positively selected loci would be missed using this cut-off. Points are taken from the four RHH-and three SHH-based studies presented in table 2.
Evaluating Possible Explanations for the Observed SHH-RHH Discrepancy
One possible explanation for the discrepancy in SHH model-and RHH model-based analyses is that the true reduction in variation due to hitchhiking in D. melanogaster may be much more severe-a genomic reduction in variation of ;79% is necessary in order to accommodate the number of empirically identified sweep regions, compared with the maximum published RHH estimate of ;50%-and thus that existing RHH estimators are greatly underestimating the rate of adaptive evolution. Alternatively, the majority of the loci identified in genomic scans may be false positives. Recent studies have suggested that both demographic perturbations (e.g., Nielsen 2001; Przeworski 2002; Jensen et al. 2005; Nielsen et al. 2007 ) and ascertainment biases (Teshima et al. 2006; ) likely contribute to a high rate of false inferences of selection in genomic scans. Along with this, it is additionally important to note that the expected number of sweeps in these calculations is not tantamount to the expected number of ''identifiable'' sweeps, as test statistics do not have perfect power. For example, examining the performance of three of the most common summary statistics (D [Tajima 1989 ], H [Fay and Wu 2000] , and the composite likelihood ratio test [Kim and Stephan 2002] ) across a wide range of RHH parameters, Jensen, Thornton, and Aquadro (2008) found power to be less than 20% for RHH models of weak selection, and rarely in excess of 50% even under models of strong selection. As shown in figure 2, these factors may actually predict a pattern that is opposite to that which is observed-even if demography is properly modeled, fewer sweeps should be identified than have occurred, owing to this imperfect power. Thus, empirical observations appear more consistent with the scenario in which there is a large false-positive rate associated with genomic scans for selection, consistent with previous results (Teshima et al. 2006; .
Other possibilities exist as well. The impact of violations of both a constant-rate assumption on both SHH-and RHH-based approaches, and particularly systematic increases or decreases in the rate of adaptation, as well as the assumption that selection is largely acting only on new mutations (as opposed to segregating variation), remain as areas in need of further investigation. Additionally, under RHH models in which variation is strongly reduced, the approximations of Kaplan et al. (1989) and Stephan et al. (1992) are violated, owing to overlapping sweep patterns (Przeworski 2002) . The impact of such a model on both SHH-and RHH-based estimation remains to be seen.
Conclusions
Comparison of a number of published studies in D. melanogaster suggests a lack of correspondence between SHH model-and RHH model-based analyses. Specifically, genomic scan results imply a much higher rate of adaptation, and thus a far greater level of reduction in genomic variation (;79% reduction, whereas the mean RHH estimate ;35%). Given the significant differences among RHH estimators particularly, this result may suggest systematic biases associated with the methodologies themselves.
Although simulation results are suggestive of possible biases that may be inflating the number of loci identified in genomic scans, better disentangling these discrepancies has major implications. As RHH parameter estimates continue to come in to focus for natural populations of interest, it may become evident that searching for specific adaptive loci may be a difficult endeavor, owing to long expected waiting times between adaptive fixations. Alternatively, as putatively swept loci identified in genomic scans become functionally verified, it may appear more likely the case that existing RHH estimators are underestimating the true rate. Regardless of the species or population under consideration, these results highlight the need for future genomic studies to simultaneously consider and reconcile both classes of analyses in order to gain the most comprehensive and accurate understanding of the recent adaptive history of natural populations and suggest that SHH model-and RHH model-based approaches may indeed inform one another.
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